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The allergic response is generally believed to be a  manifestation  of cellular 
injury  elicited  in  a  sensitized  individual  by  the  homologous  antigen.  The 
reaction is probably mediated by chemical substances released from the injured 
cells.  Morphological  changes  occurring during  the  antigen-antibody  reaction 
have been studied in tissue culture by Hayashi et al. (1--4) and Ono (5). In view 
of the accumulated evidence showing activation of a proteolytic enzyme system 
in the allergic reaction (6), it seemed appropriate to conduct a  study in which 
morphological  observations  would  be  correlated  with  biochemical  studies  of 
protease  activation.  The  purpose  of the  present  report  is  to  present  such  a 
parallel  study done in monocytes obtained from the peritoneal  fluid of sensi- 
tized  rabbits  and  grown  in  a  culture  chamber  which  allows  simultaneous 
microscopic and chemical observations. 
Materials and Metkods 
Male albino rabbits,  ranging in weight from 1.5 to 2.0 kg., were used. All the animals were 
raised  in this  laboratory. 
Sensitization of Animals.--The rabbits  were given five subcutaneous  injections  of 3 cc. 
of bovine plasma albumin  (Cohn fraction V; 5 per cent in saline) every other day. The anti- 
body content  of the serum  was measured  by the  precipltln  titers  on  the  20th  day after 
the first immunizing injection, by the ring test.  Serial dilutions of the serum were placed  in 
tubes of 3 mm. diameter with an equal volume (0.1 cc.) of the antigen  (3 per cent in saline). 
The degree of precipitation  was recorded after 6 hours' incubation at room temperature.  In 
the present experiments, rabbits showing precipitin titers of 27 were used. 
Bovine plasma albumin was used because it is known to contain neither protease nor pre- 
cursor of protease  (7). The protein fraction was prepared from fresh bovine plasma following 
the ethanol  method of Cohn et al. (8, 9); after three repeated precipitations the material was 
defatted  and dried with acetone and ether at -  15°C. The dry powder was then dissolved in 
saline at a concentration  of 6 per cent,  and dialyzed through  cellophane membrane against 
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distilled water with frequent renewals, at about 2°C.  for 24 hours. The residual supernatant 
was frozen and dried as routine. Purity of the material was ascertained  by  paper  electro 
phoresis. 
The control animals received 5 subcutaneous injections of 3 cc. of 5 per cent egg albumin 
(Ishizu) in saline every other day. The serum preclpitin titers of the animals were approxi- 
mately 26 to 2  ~ on the 22nd day after the first injection. 
A 3 per cent solution of the protein in Gey's fluid (pH 7.2)  was freshly prepared and 0.5 
cc. of the solution was introduced into the culture chambers. 
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Fro.  1. Diagrammatic representation of the culture chamber. For details, see (4, 5). 
Culture of Tissue Monoc¢es.--Monocytes  were  selected  because of  their high antibody 
content  (10). Details of the methods for tissue-monocyte cultivation have  been given in pre- 
vious papers (4,  5). Five cc.  of peritoneal fluid in a  centrifuge tube containing 0.1 cc. of 0.1 
per cent heparin in Gey's fluid was centrifuged at  1000  R.P.XC for 7  minutes. The explants 
were prepared from the sediment, and cut as small and thin as possible. 
The culture chamber shown in Fig.  1 was used in this experiment. Detailed description of 
the chamber has been given in a  previous paper (5). In general, seven explants were placed 
on  the inner surface of the small round coverslip and then covered with a  layer consisting 
of equal parts of rabbit plasma and rabbit spleen extract in Gey's fluid.  After coagulation of 
the plasma, medium fluid was added. The chamber was tightly closed and sealed on the out- 
side with melted beeswax. 
Medium fluid was composed of rabbit spleen extract, chick embryo extract, rabbit serum, 
and Gey's solution (pH 7.2)  in ratios of 1,  1,  1, and 3.  Spleens from 1 to 3  day  old rabbits 
were extracted with 4 volumes of Gey's solution; the supernatant was used immediately after 
centrifugation. Chick embryo extracts were prepared in the same way. 
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by a Dunlop tubing to the inlet. The outlet was connected to an empty syringe, so that no 
pressure or vacuum was created when fluid was introduced or removed. 
After 48 hours' incubation,  the culture fluid was replaced by Gey's solution for washing 
the chamber. Shortly after washing, 0.5 cc. of the antigen (3 per cent bovine plasma albumin 
in Gey's solution) was introduced into the chamber. It had previously been ascertained that 
such washing did not interfere with the normal growth of the cells. 
After 48 hours' incubation, the culture consisted of 95 per cent monocytes; the remaining 
5 per cent being chiefly serous cells and lymphocytes. Eosinophiles and mast cells were very 
rarely found. 
Observation of cultured cells were performed with a  Tiyoda phase contrast  microscope, 
and if so desired, fluid  or antigen solutions could be continuously flowing through the chamber 
without interfering with microscopical observation  and without causing damage to the cells. 
Measurement of Protease Activity of the Chamber Fluid.--From each chamber, fluid samples 
were collected at various intervals after introduction of the antigen, and their  protease ac- 
tivity was immediately tested with the fibrin clot method of Lewis and Ferguson (11) slightly 
modified. 
The test system consisted of (a)  0.1  ee. of sample,  (b) 0.1  co. of 0.1  ~  veronal buffer,  (c) 
0.1 ee. of 0.85 per cent saline,  (d) 0.1 co. of 0.4 per cent fibrinogen in saline,  and (e) 0.1 co. of 
thrombin as prepared by the method of Quick (13).  The components were added in the order 
just mentioned in a test tube of 0.8 X  8.0 era. and mixed with gentle stirring. In the absence 
of proteolytic activity, the fibrin clot formed did not show any demonstrable change after 
48 hours' incubation at 37°C. This method was used because it is known that the use of fibrin- 
ogen or fibrin as a  substrate  presents the advantage of an incomparable sensitivity (6,  12). 
Fibrinogen was prepared as Cohn fraction I  from fresh bovine plasma following the ethanol 
method of Cohn et o2. (8, 9), and lyophilized. 
Some properties of the protease of the culture fluid were studied by the use of p-chloro- 
mercuribenzoate and  cysteine. When  the effect of p-chloromercuribenzoate was tested,  the 
third component of the above system, 0.1 cc. of saline, was replaced by 0.05 cc. of p-chloro- 
mercuribenzoate solution and  0.05  cc.  of saline.  The p-chloromercuribenzoate added  to the 
sample in veronal buffer was allowed to stand  for  15  minutes at  room temperature before 
adding fibrinogen and  thrombin. The effect of cysteine was tested in the same manner; 0.05 
cc. of cysteine in distilled water was added to the mixture, and allowed to stand for 15 min- 
utes  at room temperature.  A  commercial preparation  of p-chloromercuribenzoate  (Merck) 
was purified three times by the method of Hellerman eta/.  (14, 15). L-Cysteine (free base) 
obtained from Ishizu Chemical Company was used. 
Measurement o/Dry Weight of Cultured Cdls.--At the end of the experiment, dry weight 
of cultured cells was measured as follows: The cultured material on the coverslip was immersed 
in 2 cc. of crystalline trypsin solution (Armour trypsin at the concentration of 0.05 per cent 
in saline, adjusted to pH 7.4 with phosphate buffer)  at 37°C.  for 2 hours. As a result of this 
treatment  the cultured cells became free as observed under  the phase contrast  microscope. 
The coverslip was washed thoroughly with saline and all the materials were pooled and cen- 
trifuged at  1500 a.v.M, for 5 minutes, and  the cellular sediment washed twice with distilled 
water.  After centrifugation, the cellular material was dried at  ll0°C, until constant weight 
was obtained. The mean dry weight of cultured cells was about  1.2 rag. 
RESULTS 
Appearance of Proteolytic Factor in the Chamber Fluid.--The antigen  (0.5  cc. 
of 3  per cent solution of bovine plasma  albumin)  was introduced  into  the cul- 
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chamber fluid samples were taken from each culture without damaging the 
cells. The samples were immediately tested for proteolytic activity. 
Proteolytic activity was revealed in samples collected as early as 10 minutes 
after application of the antigen; a complete lysis of the clot occurred in 14 to 
15 hours of digestion, suggesting that activation of a proteolytic factor occurred 
within a  few minutes after the antigen-antibody reaction  took place in  the 
cultured cells.  Even when the samples were dialyzed against Gey's solution 
(pH 7.2) for 12 hours at about 20°C. the activity remained unchanged. 
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Fro. 2. Proteolytic  activity of the chamber  fluid. O, culture fluid  collected 10 minutes  after 
application of homologous  antigen; O, same sample heated to 60°C. for 30 minutes;  X, sample 
collected 3 hours after application of homologous  antigen; V, sample collected 3 hours after 
application of heterologous  antigen (bovine  plasma albumin to egg albumin sensitized  cells). 
Fig. 2 shows that proteolytic action of the samples was highest at pH 7.4, 
and it was lost by heating to 60°C.  for 30 minutes. Loss of activity was also 
obtained by heating to 70°C. for 10 minutes or to 100°C. for 5 minutes. The 
heat-inactivated samples did not cause any demonstrable change in the clot 
even after 48 hours of digestion. 
Proteolytic action  did not increase in later  samples,  taken at  20,  30,  60 
minutes, and  6  hour intervals; complete lysis of  the  clot by these  samples 
generally occurred in about 15 to 17 hours of digestion. This also indicates that 
activation of the fibrinolytic factor was produced shortly after application of 
the antigen. 
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sensitized or egg albumin-sensitized rabbits, did not cause the appearance of a 
proteolytic factor; negative results were obtained in all the samples from these 
control groups (Fig. 2). 
Nature of the Proteolytic Factor Released.--It is seen in Fig. 3 that proteolytic 
activity of the culture fluid was inhibited by addition of p-chloromercuriben- 
zoate to the incubation mixture. Partial inhibition was observed at the con- 
centration of 10  -5 x{ and inhibition was complete at 10  -4 ~r and above. This 
inhibition was readily reversed by an excess of cysteine (10  -8 or 10  -~ M). The 
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l~o. 3.  Effect of p-chloromercuribenzoate and cysteine on proteolytic activity of culture 
fluid,  e,  p-chloromerenribenzoate;  O, p-chloromercuriben~ate and  cysteine; X, cysteine. 
Amounts of 0.05  cc. were used of the concentrations indicated.  All samples were taken 30 
minutes after introduction of the antigen into the culture chamber. The pH of the reaction 
was 7.4. 
results  suggest  that  the proteolytic factor found in  the  culture  fluid is  an 
SH-dependent protease,  different from trypsin or plasmin which are not in- 
hibited by p-chloromercuribenzoate. 
When the effect of cysteine alone was tested little or no increase in proteolytic 
activity was noted, suggesting that activation had already taken place in the 
cells before collection of the samples. 
Decrease in the Proteolytic Activity of Chamber Fluid.--As mentioned above, 
little or no difference in proteolytic activity was found in samples collected 
up to 6 hours. However, the activity decreased in later samples. Fig. 4 shows 
that the 12 hour sample induced complete lysis of the clot only in 20 to 23 
hours of digestion; the  24 hour  sample in  27  to  29  hours;  and  the  sample 
collected after 36 or 48 hours did not dissolve the clot in 48 hours of digestion. 242  PROTEASERELEASE  SRO~  CULTURED  CELLS 
Similar  application  of  the  antigen  to  cultured  cells  from  non-sensitized 
rabbits  did cause the appearance of proteolytic factor in  the later samples, 
taken at 12, 24, and 36 hours of application, although it was less active (Fig. 
4).  Such proteolytic action, when tested at pH 7.4, reached its peak in about 
24 hours and disappeared in 48 hours. The 24 hour sample induced complete 
lysis of the clot in about 23 to 25 hours of digestion but that of 48 hours showed 
no demonstrable change in the clot after 48 hours of digestion. The action was 
abolished by heating to 60°C.  for 30 minutes, to 70°C.  for 10 minutes, or to 
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Fie. 4. Proteo]yfic  activity of the culture fluid collected  at varying intervals after applica- 
tion of bovine plasma albumin (pH 7.4). O, homologous antigen; O, heterologous antigen 
(egg albumin sensitized cells). 
100°C. for 5 minutes. Similar results were obtained in cultures of tissue mono- 
cytes from egg albumin-sensitized rabbits. 
Properties of this proteolytic factor were studied by the use of p-chloromer- 
curibenzoate and cysteine. The sample was collected 24 hours after application 
of  plasma  albumin  to  non-sensitized  or  egg  albumin-sensitized  cells.  The 
protease action of these samples was not influenced by p-chloromercuribenzoate 
but it was inhibited by cysteine at high concentrations. The results are sum- 
marized in Fig. 5.  These findings suggest that this type of protease may be 
different from the protease released in the cellular antigen-antibody reaction. 
Morphological Changes in Cultured Cells after Contact with the Homologous 
Antigen.--Before  collecting  the  chamber  fluid,  morphological  observations 
were made under a  phase  contrast microscope, in parallel with the enzyme 
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The morphology of the injury in cultured cells was essentially analogous to 
that reported in detail in previous papers (1-5). When bovine plasma albumin 
was applied to cultured cells sensitized with  the antigen,  the earliest visible 
change occurred in the form of: (a) retraction or fusion of cytoplasmic processes 
followed by swelling of the cytoplasm, and (b) formation of a fibrous reticulum 
in the ground cytoplasm. Such change occurred in about 95 per cent of cultured 
tissue monocytes shortly after application of the antigen. When the cells were 
vitally stained with neutra] red, there appeared a diffuse pink staining of the 
cytoplasm and nucleus.  Swelling of the cytoplasm occurred rapidly and in 5 
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Fzo. 5. Action of p-chloromercuribenzoate and cysteine  on the proteolytic factor released 
from non-sensltized cells. Sample collected 24 hours after application of bovine plasma al- 
bumin. (Test at pH 7.4). O, p-chloromercuribenzoate; ©, cysteine. 
minutes the cell volume reached its maximum (about twice the initial volume). 
The swelling persisted during the entire course of the observation of 24 hours. 
The fibrous reticulum was at first delicate and regularly disposed in the whole 
ground cytoplasm but after 30 minutes it became gradually coarser. 
Simultaneously with the swelling  the movements of mitochondria  became 
slower and some mitochondria were displaced to the peripheral region  of the 
cytoplasm. Observation at 40 to 60 minutes showed that  rod-shaped or fila- 
mentous  mitochondria broke up into granules varying in size, and sometimes 
Golgi-like bodies degenerated and deformed in varying degrees. These changes 
observed in mitochondria or Golgi-like bodies persisted for 24 hours, in spite 
of a gradual decrease in the protease activity of the samples collected. 
When the antigen was applied to cultured cells from non-sensitized  or egg 244  PROTEASE  RELEASE  FROM  CULTURED  CELLS 
albumin-sensitized rabbits, no structural changes were observed in the cells 
for at least 15 hours. About 20 hours later, however, these cells also began to 
show various signs of degeneration such as retraction of cytoplasmic processes, 
swelling or shrinkage of cells, or vacuolation of the cytoplasm and mitochon- 
dria were often broken up into granules. In some cells a  diffuse pink staining 
of the cytoplasm and nucleus was found with neutral red. The fibrous reticulum 
mentioned above was not seen in these cells.  These changes appeared  to be 
due to a prolonged cultivation with unsuitable medium (in this case, medium 
fluid was 3 per cent bovine plasma albumin in Gey's fluid), as suggested by 
Lewis and McCoy (16) and Levi (17). 
DISCUSSION 
The observations just described show that, under the influence of the homol- 
ogous antigen, a proteolytic factor is released from cultures of sensitized cells. 
The enzymatic nature of this factor is indicated by its heat lability and pH 
dependence and by the fact that it does not dialyze through cellophane and is 
inactivated by enzyme inhibitors. In a few experiments the enzyme was tested 
by the ultraviolet spectrophotometric method and it  was  seen  that it  also 
hydrolyzes casein. 
It is assumed that the enzyme originates in the cell since the antigen con- 
tained neither protease nor protease precursor.  Proteolytic activity was de- 
tected in the culture fluid in the first 10 minute sample and failed to increase 
in later samples. This suggests that enzyme activation occurs within a  few 
minutes after the antigen-antibody reaction; that is, simultaneously with the 
early morphological changes. These changes affect exclusively the cytoplasm 
while the later changes, which take place in the mitochondria and the Golgi 
bodies,  occur after the peak  of the proteolytic reaction.  It seems  therefore 
probable that the site of protease activation is the cytoplasmic ground sub- 
stance. 
It is widely assumed that the antigen-antibody reaction takes place in the 
cytoplasm where its primary effect is perhaps a  coagulation of the fibrils to 
which the antibody may be attached (18, 1-4). When a labeled antigen (Congo 
red-azo bovine serum protein C)  is applied to a  culture of sensitized tissue 
monocytes, it appears in the form of very fine red granules disposed in a diffuse 
or reticular pattern (19). However, in non-sensitized cells, the same substance 
takes the form of discrete red granules of various sizes without a definite pat- 
tern.  Similar results were obtained with cultured fibroblasts taken from the 
omentum of adult rabbits (20). 
The cytoplasmic origin of the enzyme is further supported by the observa- 
tion of Holter (21) and Holter and Lovtrup (22) who showed that peptidases 
and cathepsins are found in the supernatant of cell homogenates and are not 
attached to any subcellular particle. Indirect support comes from the work of 
Flax (23)  who showed that cells  in which an antigen-antibody reaction has H.  HAYASHI~ A.  TOKUDA~ AND  K.  UDAKA  245 
taken place, can still utilize succinate but not glucose. Since succinate is metab- 
olized by mitochondrial enzymes, this indicates that mitochondria are not af- 
fected under these circumstances. Mongar and Schild (24) were unable to release 
histamine from the mitochondrial fraction guinea pig lung cells, although this 
fraction is particularly rich in histamine. Histamine can only be released  from 
intact cells. Parallelism between histamine release and protease activation was 
emphasized by Rocha e Silva (25) and Ungar (26). 
It  was  seen  that  the protease  released from  the  cultures  is inhibited  by 
p-chloromercuribenzoate and this inhibition is reversed by an excess of cysteine. 
Herberts also described in  the lung  of guinea  pigs  in  anaphylactic  shock a 
protease inactivated by sulfhydryl block (27, 28). Leucoproteases mentioned 
in the early literature (29) have similar characteristics. In the course of previous 
studies in this laboratory, a proteolytic euglobulin fraction was prepared from 
the skin of rabbits at the early stages of the Arthus phenomenon. The proper- 
ties of this enzyme were similar to those of the protease released from monocyte 
cultures (30--32). 
It was seen above that application of bovine plasma albumin to non-sensi- 
tized cells produced a delayed proteolytic activity (12 to 36 hours after applica- 
tion). The enzyme released under these conditions, however, was not inhibited 
by sulfhydryl block. This suggests that a  different protease is released from 
cells which disintegrate when grown under unfavorable conditions. 
The protease released by the antigen-antibody reaction seems different from 
plasmin  and  trypsin which do not require free SH groups for activity. The 
enzyme may be related to cathepsin C (33-35) found in various tissues which 
is inMbited by SH block and has the same optimum pH. 
SUM'~ARY 
The correlation  between morphological  and biochemical changes produced 
by the antigen-antibody reaction was studied in cultures of tissue monocytes 
taken from sensitized  animals.  The cells were grown under conditions which 
allowed collection  of samples  from  the  culture fluid as  well  as microscopic 
observation. 
Introduction of the antigen into the culture medium causes rapid release of 
a  protease characterized by its susceptibility to sulfhydryl block and its opti- 
mum pH in the neutral range.  Protease activation occurs simultaneously with 
morphological changes in the cytoplasm of the cultured cells. Delayed changes 
affecting  the  mitochondria  and  Golgi  bodies  appear  after  the  peak  of  the 
proteolytic reaction and may be secondary to it. The gradual inactivation of 
the protease observed in  the course of the antigen-antibody reaction  will be 
discussed in a separate paper. 
The authors are indebted to  Dr.  Masahide Ito of the Department of Chemistry of this 
University for his technical assistance and to Dr. G. Ungar for valuable suggestions and re- 
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